[Abstract] The nano-structuring engineering and the introduction of magnetic scattering are effective ways to enhance the thermoelectric performance. In this work, we use the magnetic treatments on La0.4Pr0.225Ca0.375MnO3 to demonstrate that the electronic phase engineering can enhance the thermoelectric performance by simultaneously reducing the thermal conductivity and raising the power factor in a strongly correlated electron system. The study indicates that the magnetic treatment changes the phase separation state and impedes the growth of ferromagnetic metal (FMM) phase. The decrease of FMM phase miniatures the FMM domain sizes and suppresses the bipolar effect, which raises the Seebeck coefficient and the power factor, reduces the thermal conductivity, and therefore enhances the thermoelectric performance.
I. INTRODUCTION
Developing high efficient thermoelectric technology has attracted much attention recently due to their applications in solid-state refrigeration and electrical generation from waste heat.
1, 2 The thermoelectric efficiency is determined by the dimensionless figure of merit ZT=(S 2 σ/κ)T, where T is the absolute temperature, S is the Seebeck coefficient, σ is the electrical conductivity, and κ is the thermal conductivity. The enhanced thermoelectric efficiency requires a conflicting combination of low κ, high S, and high σ. 3 For example, the decrease of grain size raises the S due to the quantum confinement effect, reduces the κ because of the enhanced phonon scattering, but also reduces the σ which limits the enhancement of ZT. 4 Besides, due to the thermoelectromagnetic effect, the embedding of soft magnetic nanoparticles in the thermoelectric matrix can introduce new carriers and multiple carrier scattering, which raises the σ and the S respectively. 5 However, the challenge is that the magnetic atoms/ions in thermoelectric matrix easily lost its soft magnetic behavior due to the chemical binding with surrounding ions. Inspired from the above two methods, we study the electronic phase engineering for enhancing the ZT by simultaneously modulating the electronic phase domain and the magnetic scattering in a strongly correlated electron system.
In strongly correlated electron systems such as manganites, due to the strongly coupling of spin, orbital, charge, and lattice degree of freedoms, the involved electronic phase transition usually accompanies with a magnetic and a metal-insulator transition (MIT).
Furthermore, the multiple electronic phases with different magnetic structures and electrical conductivity coexist in the system. 6 As one of the coexisting phases in manganites, As a well investigated electron system, La3/8-yPryCa3/8MnO3 owns a martensitic-like electronic phase transition between the AFM/COI and the FMM phase. 6, 8 The martensitic-like phase transition allows for the coexistence of AFM/COI and FMM phase at nanometer or submicrometer scale and determines the formation of a electronic phase separation state. 13, 14 Due to the vivid competition between the coexisting phases, a small external stimulus can
give a remarkable change of the electronic phase separation state. 6, 8, 10 This can be utilized to engineer the electronic phases.
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La3/8-yPryCa3/8MnO3 exhibits a percolation-type transport behavior. 16 The FMM phase has a higher κ and a higher σ but a lower S as compared with the AFM/COI phase. 16 A small variation of phase separation state will obviously change the electrical and the thermal transport behaviors. In this work, we use magnetic treatments to demonstrate how the electronic phase engineering affects the thermoelectric properties of La0.4Pr0.225Ca0.375MnO3
(LPCMO). The result indicates that the magnetic treatment reduces the thermal conductivity, raises the Seebeck coefficient, and consequently enhances the thermoelectric performance.
II. EXPERIMENTAL DETAILS
High quality polycrystalline LPCMO bulk was synthesized by the standard solid-state reaction. No any impurity phase is observed within the X-ray diffraction detection limit. The and I0=20uA, then calculated the Hall resistance with RH =(VH1-VH2-VH3+VH4)/(4*I0).
Our previous work demonstrates that the cooling from room temperature transits the LPCMO from paramagnetic insulator (PMI) to AFM/COI phase at ∼200 K and then transits to FMM phase at ∼95 K. 9 The electronic phase separation state appears below 200 K, and is predominated by the COI phase as 95 K<T<200 K while by the FMM phase as T<95 K. 10 The following sequence is the magnetic treatment protocol:
1) Cool from room temperature to a treating temperature Ttreat (95 K< Ttreat <200 K);
2) Apply a magnetic field sweep (0→Bmax → -Bmax →0) at Ttreat;
3) Continue to cool down from Ttreat to 5 K without magnetic field; 4) Warm back to room temperature.
During these sequences, the Seebeck coefficient, the Hall resistance, the resistivity, the thermal conductivity, and the magnetism of LPCMO were measured respectively.
III. RESULTS
Figure 1(a) shows the temperature dependent Seebeck coefficient with and without the magnetic treatment (Bmax=5 T) at Ttreat=145 K respectively. Without the magnetic field treatment, the Seebeck coefficient shows a hysteresis loop during the cooling and warming processes, consistent with the character of martensitic-like phase transition in LPCMO. 8 The maximum Seebeck coefficient is about 65 µV/K at ∼81 K. After the magnetic treatment, however, the Seebeck coefficient has a little decrease at Ttreat, but quickly increases in the subsequent cooling and reaches to a peak of ∼260 µV/K at ∼77 K, which is about 4 times larger than that without the treatment. With the further cooling, the Seebeck coefficient drops to a negative valley at ∼67 K before approaching to zero. This variation of Seebeck coefficient implies that LPCMO is a highly compensated system in which both the hole-like and electron-like carriers are contributing to the thermoelectric properties. 
IV. DISCUSSIONS
The magnetic sweep at Ttreat changes the phase separation state. Starting from the initial phase separation state (obtained after the cooling from room temperature to Ttreat), both the resistivity and the Seebeck coefficient are firstly decreased and then re-increased while the variation of magnetism is on the contrary during the forward (0→5T) and the backward (5T→0) magnetic sweeps, as shown in Figure 3 (a), (b), and (c) respectively. This is because the AFM/COI domains are transited to FMM phase under the magnetic field and then re-nucleated as the magnetic field is reduced, which changes the volume of FMM phase.
14 After the magnetic sweep, however, both the resistivity and the magnetism are larger than that of the initial state while the Seebeck coefficient is smaller than that of the initial state, which indicates the formation of a new phase separation state. The previous magnetic force microscope (MFM) and Lorentz microscope observations have evidenced that a magnetic sweep changes the phase separation state. 6, 8 Due to the martensitic-like phase transition from FMM phase matrix, it is reasonable that the new phase separation state has a little larger magnetism than the initial state, shown in the inset of Figure 3(b) . In the usual situation, a larger magnetism means a smaller resistance due to the properties of FMM phase. However, the new phase separation state has an abnormal higher resistivity than the initial state, which maybe origin from the following two reasons.
One is the variation of the phase domain distributions, which plays a crucial role on the electrical and thermal transport properties in a percolation system. 17 The other is the relaxation of accommodation strain, which impedes the growth of AFM/COI phase but gives rise to complex phase domain boundaries possibly composed by charge-disordered spin-glass (CD-SG) insulator or spin-canted insulator phases. 6, 8, 12, 14 The spin-canted insulator state has a high resistivity but exhibits a little larger magnetic moment than the AFM/COI phase because of the spin canting.
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The new phase separation state impedes the growth of FMM phase and reduces the thermoelectric bipolar effect. Figure 4 (a) shows the temperature-dependent magnetism with and without the magnetic treatment with Bmax=5T at 145K respectively. After the magnetic treatment, the increase of magnetism in the subsequent cooling becomes slower, and the magnetism at 5K decreases from 0.27 µB/Mn to 0.10 µB/Mn. Besides, the temperature-dependent resistivity obviously increases after the magnetic treatment [shown in Figure 1(b) ]. Therefore, the new phase separation state at Ttreat, obtained after the magnetic treatment, impedes the growth of FMM phase during the cooling process. This maybe because the CD-SG or spin-canted insulator phase in the new phase separation state cannot be transited to the FMM phase and only a reduced AFM/COI phase is transited to the FMM phase in the cooling process. The CD-SG or spin-canted insulator phase is the possible stable state at low temperature. 6, 8, 12, 14 In an inhomogeneous magnetic system like LPCMO, the carriers will be driven to move in a direction perpendicular to both the current and the magnetic field by the spin-dependent scattering or by the Berry phase effect (the exact mechanism is still in debate), named as anomalous Hall effect. 7, 15, 19 Viewing from the ordinary Hall effect, however, the electrons/holes may be moved to a "wrong" side. For a phenomenological understanding of
Hall resistance, the "wrongly-moved" electrons and the "rightly-moved" holes are marked as hole-like carriers, while the "wrongly-moved" holes and the "rightly-moved" electrons are What is interesting is that the new phase separation state dramatically changes the temperature dependent Hall resistance, as shown in Figure 1(c) . Without the magnetic treatment, the Hall resistance is almost temperature-independent and approaches to zero. After the magnetic treatment, however, the Hall resistance displays a positive peak at ∼80K, then drops down to a negative valley at ∼67K, and finally approaches to zero below 50K.
The Hall resistance changed from a positive value to a negative one indicates a transformation from hole-like to electron-like carrier type. The temperature at which the Hall resistance change their sign is as the same as the MIT temperature (∼75K), indicating that the MIT is accompanied by a carrier-type transformation. Therefore, the reduction of FMM phase means the decrease of the electron-like carriers. Besides, the magnetic treatment induced increase of resistivity implies the decrease of the averaged carrier concentration. 19 With the decrease of carrier concentration, the amplitude of Hall resistance increases and the hole-like to electron-like carrier transformation at the MIT temperature naturally induces a dramatic variation of Hall resistance from a positive peak to a negative valley.
In Figure 1(c) , the Hall resistance at the negative valley (∼-7.8kΩ) is much larger in amplitude than that at the positive peak (∼4.2kΩ). This suggests that the magnetic treatment reduces the electron-like carriers much more than the hole-like carriers, inferred by supposing that only the hole-like/electron-like carriers are above/below the MIT temperature respectively.
Due to the bipolar effect in thermoelectric, the Seebeck coefficients contributed by electron-like carriers and hole-like carriers cancel each other out. 20 After the magnetic treatment, the much more reduction of the electron-like carriers than the hole-like carriers weakens the bipolar effect and hence enhances the positive Seebeck coefficient.
To further evidence that the new separation state at Ttreat weakens the thermoelectric bipolar effect, we measured the temperature-dependent Seebeck coefficient under the application of a constant magnetic field. Figure 4(b) shows that the positive Seebeck coefficient becomes smaller and smaller, and finally approaches to zero as the magnetic field increases from 0 to 5T. The holding on of a higher magnetic field will give the system a larger FMM phase and thus provide the more electron-like carriers, which sets the system at a more highly compensated status and leads to a smaller positive Seebeck coefficient. Therefore, the new separation state at Ttreat impedes the growth of FMM phase and reduces the bipolar effect, which maybe a major reason for the enhancement of Seebeck coefficient and power factor. The new phase separation state controls the thermoelectric properties. In Figure 5 (a), the magnetic treatment with a larger Bmax leads to a larger Seebeck coefficient. This is because a larger At ∼77K, which is just a little higher than the MIT temperature (∼75K), the system has a small average carrier concentration and the dominated carrier-type is not transformed from hole-like to electron-like, which minimizes the bipolar effect and therefore causes to a highest Seebeck coefficient and a highest power factor.
A larger magnetic field change the phase separation state more seriously, because the AFM/COI phase in LPCMO begins to melt as B>1T and is completely transits to FMM phase when B=5T. Furthermore, the FMM and AFM/COI phases dominate at different temperature regions and thus the magnetic treatment at different Ttreat will affect the final variation of phase separation state. These data indicate that the enhancement of Seebeck coefficient strongly depends on the variation of phase separation state.
During a magnetic sweep, a larger Bmax implies a more complete relaxation of accommodation strain, because a larger magnetic field would erase the phase separation state more completely through the COI-to-FMM phase transition. Cooling from a new phase separation state with less accommodation strain, the growth of FMM phase will be weakened more seriously and result in a larger Seebeck coefficient according to the above analysis.
It is well known that the magnetism of AFM phase decreases with the temperature. The minimum of magnetism in Figure 4 (a) implies that the AFM/COI phase is most stable or has a largest volume at ∼145K. A magnetic sweep with Bmax=5T at 145K means the most serious destruction of AFM/COI structure before forming the new phase separation state, which greatly weakens the growth of FMM phase and hence produces a largest Seebeck coefficient during the subsequent cooling. This result further confirms that the magnetic treatment destroys the AFM/COI phase and thereafter impedes the growth of FMM phase in the subsequent cooling.
V. CONCLUSION
In summary, the electronic phase engineering on LPCMO is carried out through the 
